The influence of the freeze-thawing process on the size and lamellarity of multilamellar PEG-lipid liposomes prepared from a mixture of egg yolk phosphatidilcholine (EggPC) and distearoyl phosphatidylethanolamine polyethyleneglycol (DSPE-PEG) 2000 was investigated. Trapped volume measurement, quasielastic light scattering (QELS) and freeze-fracture electron microscopy were used to estimate the morphology and lamellarity of liposomes. During the freeze-thawing process, the lamellarity of multilamellar vesicles (MLVs) depended strongly on both PEG-lipid concentration and the number of freeze-thaw cycles. The decrease in the number of lamellae was a function of the number of freeze-thaw cycles. The increase in trapped volume coincided with the decrease in the number of lamellae observed in electron micrographs. After comparing the results obtained from EggPC/DSPE-PEG2000 MLV and from pure EggPC MLV, it was concluded that during the freeze-thawing the liposomes with DSPE-PEG2000 achieved a unilamellar structure more readily than the pure EggPC liposomes.
INTRODUCTION
Multilamellar vesicles (MLVs) are spontaneously formed when phospholipid molecules are dispersed in an excess volume of aqueous solution. MLVs are quite heterogeneous both in size and in number of lamellae. Since the structure of MLV consists of concentric bilayers separated by narrow aqueous spaces, the encapsulation capacity of MLVs is very low. Larger trapped volumes can be achieved by decreasing lamellarity using a variety of procedures including freezethaw, dehydration-rehydration, and reverse phase [1] .
Freezing and thawing method is convenient for increasing the trapped volume of MLV preparations [2] [3] [4] . The mechanism by which the freeze-thawing process increases the trapped volume is not clear. However, it likely reflects a physical disruption of lamellar structure, probably due to ice crystals formed during the freezing process [1, 5] . While the influences of the freeze-thawing process on the physical properties of the lipid bilayer have been described in many reports [1] [2] [3] [4] [5] [6] [7] [8] , few studies have attempted to investigate the effect of freeze-thawing on the formation of liposomes containing polyethylene glycol (PEG)-lipid [9] [10] [11] . The presence of hydrophilic PEG molecules on the surface of the bilayer could affect vesicle structure change during the freezethawing process. In a previous study, we have reported the effect of freeze-thawing on the size and size distribution of PEG-lipid liposomes prepared with the detergent removal method [9] .
In the present study, we investigated the freeze-thawing effects on the size and lamellarity of multilamellar liposomes *Address correspondence to this author at the Graduate School of Pharmacy, University of Toyama, 2630 Sugitani, Toyama, 930-0194 Japan; Tel: +81-76-434-7565; Fax: +81-76-434-5050; Email: mueno@pha.u-toyama.ac.jp constituted of EggPC/DSPE-PEG2000 prepared by Bangham method [12] . The mean diameter was measured using the light scattering method and the trapped volume of each freeze-thaw cycle was determined by fluorometric method. The morphological change and lamellarity of vesicles were also illustrated by freeze-fracture electron microscopy. The 31 P-NMR signal intensity measurement, which is a straightforward procedure for determining the lamellarity of phospholipid dispersion, has been frequently used [1, 6, 13] . Although freeze-fracture electron microscopy cannot provide the accurate number of lamellae, this method is useful for observing the morphological structure of the liposomes and internal lamellar structure. To examine how the inclusion of PEG-lipid affects the alteration of size and lamellarity of liposomes upon the process of freeze-thawing, a measurement on EggPC MLVs without DSPE-PEG2000 was also conducted.
MATERIALS AND METHODS
Egg yolk phosphatidylcholine (EggPC; purity of PC = 98.8%) and N-methoxy polyethyleneglycolsuccinyldistearoyl phosphatidylethanolamine (DSPE-PEG2000; 98%) were purchased from Nihon Yushi (Tokyo, Japan). All other chemicals were analytical grade and used without further purification.
Preparation of Liposomes
Multilamellar liposomes were prepared by the hydration method (Bangham method) [12] . EggPC and DSPE-PEG2000 were dissolved together in CHCl 3 : CH 3 OH 1:2 (v/v) mixture. The mixture was dried to a thin film under a stream of nitrogen. Then the lipid film was stored under vacuum more than 6 h to remove the traces of organic solvent. The dry lipid film was hydrated by the addition of 20mM Tris buffer with 150 mM NaCl and then vigorously shaken with a vortex mixer (vortexing) for 1 min to produce MLVs.
The MLV suspensions were frozen and thawed for one to ten cycles. A single freeze-thaw cycle consisted of freezing for 5 min at liquid nitrogen temperature (-196 o C) and thawing for 5 min in a water bath at 40 o C.
Size Measurements
The average diameters of vesicles were measured using a quasielastic light scattering apparatus (Photal ELS-6000, Otsuka Electronics, Osaka, Japan) at 25 o C.
Determination of Trapped Volume
Trapped volumes of liposomes were determined according to method of Oku et al. [14] with slight modification as follows. 100 μl of liposome suspension, which was prepared in 10 μM of a calcein solution, was diluted by 2.5 ml of 20 mM Tris buffer containing 150 mM NaCl. The fluorescence of external calcein was quenched by adding 60 μl of 100 mM CoCl 2 . The fluorescence intensity of the sample was measured before and after addition of CoCl 2 on a fluorescence spectrometer (Shimadzu, RF-500, Tokyo, Japan) (excitation = 490 nm, emission = 520 nm). Then 20 μl of 10% Triton X-100 was added to release the entrapped calcein and fluorescence intensity was measured again to determine the background fluorescence intensity. The entrapment efficiency was calculated by the following equation:
Trapped Volume (% of Total) = (f in ・r 1 -f total.q ・r 2 )/(f total -f total.q ・r 2 )ｘ100 where f in is the fluorescence intensity of the internal calcein; f total and f total.q are the total fluorescence intensity of calcein before and after vesicle destruction, respectively; r 1 and r 2 are correction factors for the volume increase upon adding a CoCl 2 solution and Triton X-100 solution, respectively. They were 2660/2600 and 2685/2600 in our experiments. In the experiments, it is assumed that calcein is equally distributed between the vesicles interior and the bulk medium.
In combination with information on size, the trapped volume can be used as an indicator of vesicle lamellarity. Therefore, to investigate further how the presence of PEG-lipid and freeze-thawing process affect the number of lamellae of liposomes, we compared the determined trapped volume (experimental value) with the internal volume of the vesicles calculated from the mean diameter of the vesicles (theoretical value) and expressed it as ratio of trapped volume. The Ratio of trapped volume was calculated according to the following equation:
Ratio of Trapped Volume = Trapped Volume (exp) / Trapped Volume (cal) where trapped volume (exp) is the calcein trapped volume of liposomes obtained by direct experiments, and trapped volume (cal) is the theoretical value of trapped volume of the vesicles calculated from particle size of unilamellar liposomes assuming an area per molecule of 0.7 nm 2 and a bilayer thickness of 4 nm [15] . The change in the ratio of trapped volume will reflect the change in the number of bilayer per vesicle. If the trapped volume from experiment is substantially less than the theoretical value of unilamellar vesicles with the same size, then appreciable proportion of the vesicles must be multillamellar.
Freeze-Fracture Electron Microscopy
Liposome preparations were mixed with 10% (v/v) glycerol solution and then rapidly frozen in liquid nitrogen (-196 ) . The samples were fractured in a freeze replica apparatus (FR-7000B, Hitachi, Japan) at -120 . Immediately after fracturing the sample, an electric discharge was used to coat the fracture faces with Pt/C followed by C at an angle of 45 o and 90 o for each coating, respectively. The replicas were stripped off from holder and cleaned by submersion in solution of commercial bleaches and distilled water. The cleaned replicas were mounted on 300-mesh Ni grids, dried, and examined in a transmission electron microscope (JEM200 CX, JEOL, Tokyo, Japan).
RESULTS

Particle Sizes
Inclusion of DSPE-PEG2000 into EggPC MLVs resulted in a decrease in the average particle sizes. The average diameter of EggPC MLVs decreased from 4 μm to less than 1 μm when DSPE-PEG2000 was incorporated (Fig. 1) . When the MLVs were subjected to freeze-thaw cycles, the average diameters of all preparations, especially EggPC MLVs, decreased with the number of freeze-thaw cycles. Fig. (1) . Influence of the number of freeze-thaw cycle on the mean diameter of MLVs. ,EggPC; , EggPC/1mol% DSPE-PEG2000;
, EggPC/5mol% DSPE-PEG 2000.
TRAPPED VOLUME
The trapped volumes of EggPC MLVs with and without DSPE-PEG2000 are shown in Fig. 2 . Before freeze-thawing, in spite of being a significantly smaller size, the trapped volumes of EggPC/DSPE-PEG2000 MLVs were greater than that of EggPC MLVs. When MLVs were subjected to the freeze-thawing process, the trapped volumes of all liposome preparations increased after only one freeze-thawing cycle. Subsequent increases in the number of freeze-thaw cycles of EggPC MLVs resulted with a further increase of the trapped volume, and then the trapped volume began to decrease while freeze-thawing over 4 cycles. In the case of the MLVs of EggPC/DSPE-PEG2000 after being freeze-thawed for 2 cycles, the trapped volume decreased along with the number The number of freeze-thaw cycles Particle size (nm)
of freeze-thaw cycle. It is important to know that the mean diameters of MLVs decreased along with the number of freeze-thaw cycles as shown in Fig. 1 . Theoretically, if liposomes are unilamellar, the larger the sizes gives the higher the trapped volumes. Therefore, to estimate the lamellarity of the vesicles, we compared the trapped volume from the experiment (data in Fig. 2 ) with the trapped volume calculated from the mean diameter of the same preparation (data in Fig. 1 ) and expressed it as the ratio of trapped volume. The ratios of the trapped volume of EggPC liposomes and DSPE-PEG2000-containing EggPC liposomes as a function of the number of freeze-thaw cycles are shown in Fig. 3 . Before freeze-thawing, the ratio of trapped volume of liposomes containing DSPE-PEG2000 was remarkably higher than that of EggPC MLVs; the ratio of the trapped volume of EggPC before freeze-thawing was 0.04, whereas the ratio of EggPC/DSPE-PEG2000 was higher than 0.2. This higher ratio of trapped volume indicated a structural change towards a less multilamellar structure by containing DSPE-PEG 2000. Fig. (3) . The ratio of trapped volume of EggPC without DSPE-PEG2000 ( ) ,EggPC with 1 mol% ( ) and 5 mol% ( ) DSPE-PEG2000 as a function of the number of freeze-thaw cycle.
After freeze-thawing, all liposome preparations exhibited the ratio of the trapped volume more than those of nonfreeze-thawed liposomes and the ratio of the trapped volume increased with the number of freeze-thaw cycles. It was clearly demonstrated that the increase in the ratio of the trapped volume of EggPC/DSPE-PEG2000 MLVs was significantly higher than that of EggPC MLVs. Furthermore, EggPC MLVs containing 5 mol%DSPE-PEG2000 exhibited a greater increase in the ratio of trapped volume than EggPC/1 mol% DSPE-PEG2000.
FREEZE-FRACTURE ELECTRON MICROSCOPY
Freeze-fracture electron micrographs of EggPC MLVs are shown in Fig. 4 . In the absence of DSPE-PEG2000 the liposomes frequently aggregated into large clusters of deformed liposomes (Fig. 4a) . Freeze-fracture micrographs, which have fractured cross sections, revealed the close apposition and large number of inner lamellae (Fig. 4 a-f) . These tightly stacked inner lamellar vesicles are associated with typical MLVs.
Subjecting MLVs to freeze-thaw cycles resulted with dramatic change in the liposome morphology. The distored structures disappeared. Only spherical vesicles with various sizes were observed (Fig. 5a) . Fig. (5 b-f) show freeze fractured micrographs of EggPC MLVs after being freezethawed for 5 cycles. It was clearly illustrated that although the tightly packed concentric bilayers still existed (Fig, 5b) , the majority of vesicles had larger interlamellar spaces (Fig.  5 c-d) . Moreover, the vesicles within a vesicle (Fig. 5e) and vesicles between the lamellae (Fig. 5 c-d) which were not seen in the sample before the freeze-thawing were observed. Fig. (5f) shows the freeze fractured image of the vesicle which has almost no internal lamellar but does have an inner vesicle.
Incorporation of PEG-lipids into MLVs affected the morphology and lamellarity of the lipid vesicles. The nearly perfectly spherical vesicles were observed when DSPE-PEG2000 was incorporated into vesicles. A greater proportion of small vesicles were detected as the PEG-lipid concentration was increased. The freeze-fracture electron micrographs of the EggPC vesicles with DSPE-PEG2000 in the concentration of 1 mol% and 5 mol% before freeze-thawing are shown in Fig. (6 a-d) and e-h, respectively. A small population of liposomes with dense concentric inner lamellar structure were still present (Fig. 6 a and e) , but the interlamellar spaces in EggPC/DSPE-PEG2000 vesicle were obviously larger than those in pure EggPC vesicles. In coexistence with the dense concentric inner lamellar vesicles, vesi- Fig. (2) . Calcein trapped volume of EggPC, EggPC/1mol%DSPE-PEG2000, and EggPC/5mol%DSPE-PEG2000 as a function of the number of freeze-thaw cycle. , before freeze-thawing; , 1 cycle; , 2 cycles; , 3 cycles; , 4 cylces; , 5 cycles; , 10 cycles. The number of freeze-thaw cycles
Ratio of trapped volume
cles with large interlamellar space are frequently observed (Fig. 6 b-c and f-g ). The unilamellar structures which were absenct in EggPC MLVs without freeze-thawing were also illustrated ( Fig. 6 d and h) .
The freeze-thawing of liposomes containing DSPE-PEG2000 resulted with a very similar sequence of morphological transitions as observed in EggPC MLVs. After freeze-thawing, only spherical vesicles with a high polydisperse in size distribution were observed (Fig. 7a) . The cross fracture electron micrographs demonstrated that no tightly packed concentric bilayer was found; only vesicles with large spaces between bilayers were observed ( Fig. 7 b-f) . It is worthwhile to compare the large interlamellar space of the vesicles, obtained in the presence of PEG-lipid after freezethawing, to the tightly packed structure in the absence of PEG-lipid. The distances between the lamellae of EggPC/ DSPE-PEG2000 liposomes were found to be significantly larger than that of EggPC MLVs. Similar to the vesicles without PEG-lipids, freeze-thawing the PEG-lipid liposomes also lead to the formation of small vesicles within a liposome (Fig. 7e) and vesicles in lamellar space (Fig. 7f) but the emerging frequency of the vesicles were significantly smaller than those in the liposomes without the presence of PEG-lipid.
DISCUSSION
The presence of DSPE-PEG2000 as low as 1 mol% in MLVs already affected the size and number of lamellae without freeze-thawing. The decrease in the size of vesicles coincided with the increase in the trapped volume, which clearly proposed that the lamellar of the vesicles decreased when DSPE-PEG2000 was incorporated. It has been demon- strated by the use of the X-ray diffraction method that the distance between bilayer surfaces increases while increasing the PEG-lipid concentration [16] [17] [18] [19] . Belsito et al. also demonstrated with spectrophotometric measurements that the addition of PEG-lipids causes a reduction in the number of lamellae [20] . However, the freeze-fracture micrographs in our study provide additional information about the structure of internal lamellae inside the liposomes. The results from the ratio of trapped volume and freeze-fracture electron micrographs clearly showed that the inclusion of PEG-lipid alters the liposomes from multilamellar to oligolamellar liposomes.
After freeze-thawing, the ratio of the trapped volumes of EggPC/DSPE-PEG2000 increased remarkably (Fig. 3) and freeze-fracture micrographs clearly revealed the significant decrease in the number of lamellar (Fig. 7) as well as the absence of the dense concentric inner lamellar. This indicates that almost all of PEG-lipid liposomes are oligolamellar vesicles or unilamellar vesicles. This result is in contrast to the observations made for the freeze-thaw EggPC MLVs where the trapped volume (Fig. 3) was relatively low and the dense concentric lamellar structures were still frequently observed (Fig. 5) . It is well known that the freeze-thawing of liposomes results with a dramatic change in trapped volume [4, 6] . During freezing, the bilayer of the liposomes can be destabilized through expansion of inner water phase by ice formation [8] , dehydration of hydrated head group of lipid and so on. During thawing, exposed hydrophobic cores fuse to form new vesicles [21] with decreasing of lamellarity. Our results indicated that the unilamellar formation using the freeze-thawing process of PEG-lipid liposomes is achieved more easily than that of pure EggPC liposomes. A fusogen PEG [22] could facilitate the fusion event in the process of the freeze-thawing.
We also demonstrated that the decrease in the number of lamellae during the freeze-thawing process also depends on the concentration of PEG-lipids. The rate of increase in the ratio of the trapped volume of 5 mol%DSPE-PEG2000 is higher than that of 1 mol% of DSPE-PEG2000. The acceleration effect of PEG-lipids on the decrease in the number of lamellae after undergoing the freeze-thawing process is not entirely clear. Probably the rapid decrease in the number of bilayers is mainly caused by the presence of strongly hydrated PEG-groups extending from the liposome surface. Several factors, dehydration by PEG, different mode of formation and melting of ice between free water and hydrated water on PEG-group and steric hindrance of PEG-group should cause the unstabiliztion of the lamellar structure, resulting in facilitating the fusion between adjacent lamellae in the process of freeze-thawing, although it is still hard to restrict the factors. The decrease in lamellarity should result in the large internal volume of the liposomes.
Theoretically, if the vesicles are unilamellar, the ratio of experimentally obtained trapped volume and the theoretically calculated trapped volume would be nearly 1. From our result, in the case of EggPC/DSPE-PEG2000 liposomes (Fig.  3) the ratio of the trapped volume after ten cycles of freezethawing was nearly 2. A possible explanation for this result may be that the theoretical trapped volume was underestimated. In our study we calculated the theoretical trapped volume using the mean diameter obtained by light scattering method, which is the simple and rapid method to analyze. However, the disadvantage of this technique is that the misleading results can be obtained for heterogeneous systems. As mentioned in the Introduction and demonstration of the freeze-fracture electron micrograph (Fig. 4-7) , size distribution of the MLVs is heterogeneous; the very large vesicles coexist with the small vesicles. The mean diameter of the freeze-thawed EggPC/DSPE-PEG2000 vesicles determined by the light scattering method was about 200 nm. However in freeze-fracture electron micrograph the very large vesicles with a diameter over than 1 μm were frequently observed (Fig. 7 a-c, e-f) . Therefore, the measurement of the mean diameter of MLVs based on light scattering lead to the underestimation of the theoretical trapped volume, causing the ratio of trapped volume to be over 1. Nevertheless, a comparison of the ratio of trapped volume in our experiment can provide the useful information of the lamellarity of the vesicles. It can be assured from the ratio of trapped volume that the number of lamellae of freeze-thawed EggPC/DSPEPEG2000vesicles is appreciable less than that of EggPC/ DSPE-PEG2000 vesicles without freeze-thawing and less than the pure EggPC vesicles with and without freezethawing.
In comparing 31 P-NMR and freeze-fracture electron microscopy, while 31 P-NMR only determines the ratio of the amount of outer to inner phospholipids, freeze-fracture electron microscopy not only shows the number of lamellae, but also reveals the shape, size, and inner lamellar structure of liposomes. Recently, Frohlich et al. demonstrated that the determination of the lamellarity of liposomes is only correct when the lamellae of liposomes are very close together. It is not suitable for determining the number of lamellar if the liposomes are oligolamellar where the inner layers have a decreasing surface area [23] .
Investigations based on a combination of the light scattering method, trapped volume, and freeze-fracture electron microscopy in our study clearly demonstrated the effect of freeze-thawing on the size and lamellarity of PEG-lipid liposomes. Similar to the MLVs in the absence of PEG-lipid, the size and lamellarity of MLVs containing PEG-lipid decreased during the freeze-thawing process. However, it is worth noting that the inclusion of PEG-lipids further enhanced these increases, indicating that PEG-lipids have influence on the EggPC bilayer during the freeze-thawing procedure. Unilamellar structures are attained more readily during the freeze-thawing of vesicles with PEG-lipids.
